Exocytosis of synaptic vesicles occurs not only at synaptic active zones but also at ectopic sites. Ectopic exocytosis provides a direct and rapid mechanism for neurons to communicate with glia that does not rely on transmitter spillover from the synaptic cleft. In the cerebellar cortex the processes of Bergmann glia cells encase synapses between presynaptic climbing fiber varicosities and postsynaptic Purkinje cell spines and express both AMPA receptors and electrogenic glutamate transporters. AMPA receptors expressed by Purkinje cells and Bergmann glia cells are activated predominantly by synaptic and ectopic release, respectively, and therefore can be used to compare the properties of the two release mechanisms. We report that vesicular release differs at synaptic and ectopic sites in the magnitude of short-term plasticity and the proportions of Ca 2ϩ channel subtypes that trigger glutamate release. High-affinity glutamate transporter-mediated currents in Bergmann glia cells follow the rules of synaptic release more closely than the rules of ectopic release, indicating that the majority of glutamate is released from conventional synapses. On the other hand, ectopic release produces highconcentration glutamate transients at Bergmann glia cell membranes that are necessary to activate low-affinity AMPA receptors rapidly. Ectopic release may provide a geographical cue to guide Bergmann glia cell membranes to surround active synapses and ensure efficient uptake of glutamate that diffuses out of the synaptic cleft.
Introduction
Exocytosis of synaptic vesicles occurs not only at synaptic active zones but also at sites outside of the active zones, i.e., ectopic sites. Freeze-fracture studies of the neuromuscular junction (Ceccarelli et al., 1979 (Ceccarelli et al., , 1988 Grohovaz et al., 1989) , FM1-43 imaging studies that use total internal reflection fluorescence microscopy of retinal bipolar cells (Zenisek et al., 2000 (Zenisek et al., , 2003 , and ultrastructural studies of hair cells (Beutner et al., 2001; Lenzi et al., 2002) all support the existence of ectopic release. How ectopic release is controlled and regulated remains primarily unknown. We have shown previously that ectopic release from cerebellar climbing fibers (CFs) and parallel fibers (PFs) can be detected by Bergmann glia cells (BGs) (Matsui and Jahr, 2003) that encase CF and PF synapses on Purkinje cells (PCs) (Palay and Chan-Palay, 1974; Spacek, 1985; Xu-Friedman et al., 2001; Grosche et al., 2002) . AMPA receptors (AMPARs) and glutamate transporters expressed by PCs and BGs are activated differentially by glutamate released from synaptic and ectopic sites because of both their 10-to ϳ100-fold different affinities for glutamate and their distinct locations. Because of this, they can be used to compare the properties of synaptic and ectopic release.
Ectopic release may be particularly important for the maintenance of BG processes that surround CF3 PC synapses. AMPARs expressed by BGs are Ca 2ϩ -permeable (Burnashev et al., 1992) because they lack the glutamate receptor 2 (GluR2) subunit. The introduction of GluR2 to BGs by viral delivery causes BG processes to retract from the synapse (Iino et al., 2001) . Therefore, it is likely that the Ca 2ϩ -permeable AMPARs are necessary to maintain glial encasement of active synapses. However, AMPARs have a low affinity for glutamate (EC 50 ϭ 1.2 to ϳ1.8 mM) Dzubay and Jahr, 1999) and are not particularly well suited for the detection of low concentrations of glutamate that diffuse from the synaptic cleft (but see Nielsen et al., 2004) . Exocytosis directly across the extracellular space from the BG membrane more readily activates these low-affinity receptors (Matsui and Jahr, 2003) . The determination of the mechanism and regulation of ectopic release is therefore important for understanding neural-glial communication.
We report that synaptic and ectopic release differ in key attributes, including short-term plasticity and the source of Ca 2ϩ influx for triggering release. These differences in release mechanisms provide evidence for the presence of separate release sites governing synaptic transmission to neurons and glia. In contrast to AMPAR-mediated currents evoked in BGs, synaptically activated glutamate transporter currents (STCs) in BGs have properties closer to synaptic release than to ectopic release. It appears that high-affinity glutamate transporters expressed by BGs (K m ϭ 10 to ϳ100 M) Danbolt, 2001 ) are well situated for detection and clearance of glutamate diffusing from the synaptic cleft. Thus the two glutamate receptors expressed by BGs have distinct roles: the low-affinity AMPARs detect ectopic release and promote encasement of active synapses, whereas high-affinity glutamate transporters take up glutamate released in the synaptic cleft as well as at ectopic sites and at least partially protect neighboring synapses from spillover.
Materials and Methods
Tissue preparation. Parasagittal (250 m) or coronal (350 m) cerebellar slices from postnatal day 12-15 (P12-P15) rats were used for the studies of CF-evoked and PF-evoked responses, respectively. Animals were anesthetized by inhalation of halothane and were decapitated, as approved by the Oregon Health and Science University Institutional Animal Care and Use Committee. Cerebella were cut with a vibroslicer (Leica Instruments, Nussloch, Germany) in ice-cold solution containing (in mM) 119 NaCl, 2.5 KCl, 2 CaCl 2 , 1.3 MgCl 2 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , and 11 glucose (saturated with 95% O 2 /5% CO 2 ). The slices were incubated in the same solution at 34°C for 30 min and then stored at room temperature. During the recording the slices were superfused with the above solution with the addition of 100 M picrotoxin to block GABA A receptors. All recordings were performed at 32-35°C, attained by using an in-line heating device (Warner Instruments, Hamden, CT).
Electrophysiological recording. Slices were visualized by using a 40ϫ water immersion objective on an Axioskop 2 FS upright microscope (Zeiss, Thornwood, NY) equipped with infrared differential interference contrast. Whole-cell recordings were made with a MultiClamp 700A patch-clamp amplifier (Axon Instruments, Union City, CA). Signals were filtered at 2-4 kHz and digitized at 10 -50 kHz with an ITC-18 interface (Instrutech, Port Washington, NY), using acquisition software written by J. S. Diamond in IgorPro software (WaveMetrics, Lake Oswego, OR). Pipettes with resistances of 1-2 or 2-3 M⍀ were used for recordings from PCs and BGs, respectively. Series resistance was compensated by ϳ80% for the PC recordings, but not for the BG recordings. PCs typically were voltage clamped at -10 to -30 mV and BGs at -65 mV. CFs were stimulated in parasagittal slices with a theta glass pipette filled with bath solution placed in the granule cell layer, using a constant voltage isolated stimulator (20 -100 sec pulse of 10 -99 mV; Digitimer, Hertfordshire, UK). The pipette position and stimulus intensity were adjusted until the voltage necessary to produce an all-or-none response was minimized. PFs were stimulated in coronal slices with the stimulating electrode placed in the molecular layer ϳ100 m from the recorded cell. Data analysis was performed with Axograph 4.6 (Axon Instruments), and statistical analysis was performed with Microsoft Excel (Redmond, WA) and StatView (SAS Institute, Cary, NC). Reported values are given as the mean Ϯ SD.
Pipette solutions and drugs. Pipette solutions for PC recordings contained (in mM) 35 CsF, 100 CsCl, 10 HEPES, and 10 EGTA. Pipette solutions for BG recordings contained 82 CsCH 3 SO 3 , 40 CsCl, 20 HEPES, 10 HEDTA, and 3 BaCl 2 (Ba 2ϩ was included to increase input resistance of BG) (Matsui and Jahr, 2003) . Both pipette solutions were titrated to pH 7.2 with CsOH. The sources of the chemicals are as follows: picrotoxin was from Sigma (St. Louis, MO); (R,S)-␣-cyclopropyl-4-phosphonophenylglycine (CPPG), cyclothiazide (CTZ), ␥-Dglutamylglycine (␥-D-GG), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo [f]quinoxaline-7-sulfonamide (NBQX), and DL-threo-␤-benzyloxyaspartic acid (TBOA) were from Tocris Cookson (Ellisville, MO); -agatoxin IVA was from Peptides International (Louisville, KY); -conotoxin GVIA was from Bachem Biosciences (King of Prussia, PA). -Agatoxin IVA and -conotoxin GVIA were applied in the presence of 0.1 mg/ml cytochrome c to block nonspecific binding sites.
Results
Short-term plasticity of synaptic versus ectopic release CF stimulation causes multivesicular release at individual synapses on PCs, and this results in saturation of postsynaptic AMPARs (Wadiche and Jahr, 2001; Foster et al., 2002; Harrison and Jahr, 2003) . Pairs of CF stimuli result in paired-pulse depression of the PC EPSC (Dittman and Regehr, 1998; Hashimoto and Kano, 1998; Silver et al., 1998) , the magnitude of which is increased when AMPAR saturation is prevented by the rapidly dissociating competitive antagonist ␥-D-GG (2 mM) ( Fig. 1 A) (Wadiche and Jahr, 2001; Foster et al., 2002) . Because fewer vesicles are released at each synapse after the second stimulus than after the first, a smaller glutamate concentration transient results. Rapidly dissociating antagonists inhibit ligand binding resulting from smaller concentration transients more than from larger transients and therefore will alter the paired-pulse ratio (PPR ϭ EPSC2/EPSC1) at synapses in which multivesicular release occurs (Tong and Jahr, 1994; Wadiche and Jahr, 2001; Foster et al., 2002) . Because ␥-D-GG prevents AMPAR saturation, the CF-PC EPSC follows changes in release more linearly in the presence of ␥-D-GG than in its absence (Foster et al., 2002) .
BG responses to CF stimulation consist of two components, a rapid AMPAR-mediated component and a slower glutamate transporter-mediated component; these components can be sep- arated with the AMPAR antagonist NBQX (Fig. 1 B) Dzubay and Jahr, 1999) . As shown in Figure 1 B, there was a remarkable decrease in the PPR of the BG AMPARmediated current, much larger than the PPR decrease of the CF-PC EPSC or the CF-BG STC, especially at short intervals (Fig. 1C,D) . This large paired-pulse depression is not the result of desensitization because AMPARs recover much too rapidly to account for this depression (Raman and Trussell, 1995; Eliasof and Jahr, 1997; Wadiche and Jahr, 2001) , and the depression is still seen in the presence of CTZ (Harrison and Jahr, 2003 ) (see below).
On the other hand, the PPR of the CF-BG STC was very similar to that of the CF-PC EPSC in the presence of ␥-D-GG (Fig. 1C,D) . This suggests that activation of the high-affinity BG glutamate transporters mainly reflects glutamate released from spillover of glutamate from the synaptic cleft (but see below), whereas activation of the low-affinity BG AMPARs predominantly reflects release from ectopic sites (Matsui and Jahr, 2003) .
Short-term plasticity in low Ca

2؉
Paired-pulse depression of the CF-PC EPSC is almost eliminated when extracellular Ca 2ϩ is lowered to 0.5 mM ( Fig. 2 A, C) . In addition, multivesicular release abates and CF synapses release at most a single vesicle per action potential (Wadiche and Jahr, 2001; Foster et al., 2002) . In this condition of monovesicular release, BG AMPARs are activated predominantly, if not exclusively, by ectopic release; thus the CF-BG AMPAR-mediated current can be used to monitor changes in ectopic release in the absence of spillover from the synaptic active zones (Matsui and Jahr, 2003) .
In contrast to the lack of short-term plasticity of the CF-PC EPSC in 0.5 mM Ca 2ϩ , the CF-BG AMPAR response still depressed, but with a peculiar time course (Fig. 2 B, D) . At an interstimulus interval (ISI) of 10 msec, paired-pulse depression of the CF-BG AMPAR response depressed less than at longer intervals; maximum depression was achieved at 150 msec. At an ISI of 150 msec the depression was significantly larger than that of the CF-PC EPSC (PC PPR, 0.90 Ϯ 0.05, n ϭ 20; BG PPR, 0.41 Ϯ 0.14, n ϭ 35; unpaired t test, p Ͻ 0.001) as well as that of the CF-BG AMPAR response at 10 msec (BG PPR, 0.70 Ϯ 0.25, n ϭ 28; paired t test, p Ͻ 0.001). PPR recovered fully by ϳ10 sec. These differences in PPR in BGs and PCs in 0.5 and 2 mM Ca 2ϩ suggest that separate rules govern synaptic and ectopic release.
How is the biphasic PPR recovery curve of the CF-BG AMPAR response in 0.5 mM Ca 2ϩ produced? It may be that, like the CF-PC EPSC, depression of presynaptic release is diminished greatly by low Ca 2ϩ and that the relatively slow onset of depression is a postsynaptic phenomenon. AMPAR desensitization is not responsible, however, because CTZ (200 M) was present in the recordings, although this does not rule out some different type of activity-dependent downregulation of AMPAR responsiveness. Two pieces of evidence, however, suggest that a decreased postsynaptic sensitivity is not responsible. First, two iontophoretic pulses of glutamate applied 150 msec apart resulted in identical responses in both BGs and PCs (Fig. 3) . This suggests that AMPARs on the BG membrane are not downregulated by exposure to glutamate. However, because glutamate presented by exocytotic release will result in a different concentration transient than iontophoresis does, we turned to another excitatory pathway in the cerebellum, the PFs, which show paired-pulse facilitation (Atluri and Regehr, 1996) and release directly onto BGs (Matsui and Jahr, 2003) . Figure 2 . The iontophoresis electrodes were placed in the molecular layer at locations that produced large responses. Currents were blocked with 10 M NBQX in both cell types (data not shown). In the illustrated recordings, three intensities of pulses were applied for each cell. B, Summary of the PPR of the responses to iontophoresis pulses. The open bar represents the average PC PPR (n ϭ 4), and the filled bar represents the average BG PPR (n ϭ 5). A very small amount of facilitation was observed in both cells, which suggests that a small amount of "tipwarming effect" occurs at the iontophoresis electrode tip, causing a slightly larger amount of glutamate to be released on the second pulse.
Short-term plasticity in PF-evoked responses PF stimulation evoked EPSCs in PCs that showed marked pairedpulse facilitation and had a maximum PPR value of 2.48 Ϯ 0.44 (n ϭ 5) at an ISI of 10 msec in 2 mM Ca 2ϩ ; this facilitation lasted for ϳ150 msec (Fig. 4 A, C) (Atluri and Regehr, 1996) . Facilitation of the PF-BG response had a similar time course but was remarkably larger; the PPR was 4.95 Ϯ 1.88 (n ϭ 4) at an ISI of 10 msec (Fig. 4 B, D) (unpaired t test, p Ͻ 0.05). Facilitation of the PF-BG response, as well as the iontophoresis results, indicates that the depression seen with CF stimulation does not result from AMPAR downregulation. The different degree of paired-pulse facilitation in the PF-PC EPSC and the PF-BG response also suggests that PC and BG monitor glutamate release from different sites of PFs as well as CFs.
Effects of transport blockade
Glutamate transporters may alter the CF-BG AMPAR response PPR by buffering different proportions of the glutamate transient that follow the first and second stimulus (Harrison and Jahr, 2003) and thereby could contribute to the differences in PPRs recorded in PCs and BGs. The glutamate transporter blocker TBOA should eliminate this effect. However, in the presence of 0.5 mM Ca 2ϩ and 200 M CTZ the application of 30 M TBOA caused an increase in the amplitudes of both CF-BG AMPAR responses but no change in PPR (Fig. 5 A, B) (increase in first response, 1.70 Ϯ 0.36 of control; PPR in control, 0.39 Ϯ 0.20; PPR in TBOA, 0.41 Ϯ 0.18; n ϭ 4). The increase in both responses indicates that the BG AMPARs are protected somewhat by glutamate transporters that can compete with AMPARs for released glutamate. However, because TBOA increased both CF-BG AMPAR responses to a similar degree, the extent of shielding of the AMPARs by glutamate transporters is not different between the two stimuli in these conditions and therefore cannot account for the depression. In 2 mM Ca 2ϩ and CTZ the shielding of BG AMPARs by glutamate transporters does affect the CF-BG AMPAR PPR (Harrison and Jahr, 2003) . However, even after we inhibited the glutamate transporters with 30 M TBOA and blocked the mGluR-mediated presynaptic inhibition that is found in TBOA with 500 M CPPG (Harrison and Jahr, 2003) , the CF-BG AMPAR PPR was still much smaller than the CF-PC EPSC PPR in ␥-D-GG (at 150 msec ISI; PC PPR, 0.71 Ϯ 0.02, n ϭ 4; BG PPR, 0.29 Ϯ 0.11, n ϭ 8; unpaired t test, p Ͻ 0.001).
Paired recordings from PC and BG
Because postsynaptic mechanisms apparently cannot account for the different degrees of paired-pulse depression seen in PCs and BGs, presynaptic mechanisms were investigated. In the preceding recordings from PCs and BGs the membrane potential of the closely associated PC was not controlled; therefore, the PC likely fired complex spikes after CF stimulation. However, in voltageclamp recordings of PCs the membrane potential was held constant at -10 to approximately -30 mV. If complex spikes cause the release of a substance that affects presynaptic release properties (e.g., cannabinoids or glutamate) (Kreitzer and Regehr, 2001; Duguid and Smart, 2004) , this could account for the different PPRs in the two cells. We tested this possibility by recording simultaneously from pairs of PCs and BGs that share the same CF.
Cells in which responses to CF stimulation succeed or fail coincidentally were considered to share input from the same CF (Fig. 6 A) . In 2 mM Ca 2ϩ the difference in PPRs in the two cell types was maintained despite the voltage-clamped PC (Fig. 6 A) . Similarly, when the solution was changed to 0.5 mM Ca 2ϩ and 200 M CTZ, the difference in PPRs of the two cells remained (Fig. 6 B, C) (PC PPR, 0.83 Ϯ 0.06; BG PPR, 0.35 Ϯ 0.11; n ϭ 7 cell pairs; paired t test, p Ͻ 0.001) as found in individual recordings (Fig. 2) . This confirms that synaptic and ectopic release have different degrees of short-term plasticity that is not caused by retrograde transmission from PCs. . PF-BG responses were recorded in the presence of CTZ to block desensitization, augment the AMPAR response, and minimize the proportion of the PF-BG current caused by glutamate transport (Dzubay and Jahr, 1999) . Therefore, in the presence of CTZ, most of the PF-BG response is mediated by AMPARs and could be blocked by 10 M NBQX (data not shown). C, PPR of PF-PC EPSCs versus ISI (n ϭ 3-5 cells). D, PPR of PF-BG responses versus ISI (n ϭ 3-9 cells). 
Subtype of Ca 2؉ channel responsible for synaptic and ectopic release
The different amplitudes of paired-pulse depression of synaptic and ectopic release as monitored by PCs and BGs could reflect a dependence on different proportions of Ca 2ϩ channel subtypes. At both the CF3 PC synapse (Regehr and Mintz, 1994) and the calyx of Held (Wu et al., 1999 ) P/Q-type Ca 2ϩ channels are coupled more strongly to release than are N-type Ca 2ϩ channels. In addition, P/Q-type channels are concentrated at active zones, whereas N-type channels are distributed more evenly throughout the calyx of Held (Wu et al., 1999) . If Ca 2ϩ channel subtypes are distributed similarly in the CF terminal, N-type Ca 2ϩ channels may have a larger role in triggering ectopic release than synaptic release.
CF-evoked synaptic and ectopic release were monitored in PC and BG recordings, respectively, in 0.5 mM Ca 2ϩ . Application of the P/Q-type Ca 2ϩ channel-specific blocker -agatoxin IVA (200 nM) (Mintz et al., 1992) in large part inhibited the responses in both PCs and BGs (Fig. 7 A, B) (PC, 0.17 Ϯ 0.08 of control, n ϭ 5; BG, 0.11 Ϯ 0.07 of control, n ϭ 5). However, the N-type Ca 2ϩ channel-specific blocker -conotoxin GVIA (1 M) (Fujita et al., 1993) only partially blocked the CF-PC EPSC (0.40 Ϯ 0.10 of control; n ϭ 4), whereas it almost completely abolished the CF-BG response (0.09 Ϯ 0.07 of control; n ϭ 4) (Fig. 7C,D) . N-type Ca 2ϩ channels therefore have a larger role in triggering ectopic release than synaptic release.
How are the CF-evoked responses in PC and BG affected by -conotoxin GVIA in more physiological conditions (2 mM Ca 2ϩ )? In the presence of ␥-D-GG, to protect PC AMPARs from saturation, we reduced the CF-PC EPSC to 0.64 Ϯ 0.08 of control by -conotoxin GVIA (n ϭ 5) (Fig. 7 E, F ) . The CF-BG response (Vh ϭ -10 mV), and CF-BG responses were recorded in the same divalents with 200 M CTZ (Vh ϭ -65 mV) in the absence and presence of the P/Q-type Ca 2ϩ channel blocker -agatoxin IVA (200 nM). B, Summary of the ratio of the response amplitudes in the presence and absence of -agatoxin IVA in A. CF-PC EPSC (n ϭ 5); CF-BG response (n ϭ 5). C, CF-PC EPSCs and CF-BG responses were recorded in the same conditions as in A in the absence and presence of the N-type Ca 2ϩ channel blocker -conotoxin GVIA (1 M). D, Summary of the ratio of the response amplitude in the presence and absence of -conotoxin GVIA in C. CF-PC EPSC (n ϭ 4); CF-BG response (n ϭ 4); unpaired t test, *p ϭ 0.002. E, -Conotoxin GVIA (1 M) partially blocked the CF-PC EPSC but mainly blocked the initial fast component of the CF-BG response, whereas the late slow component was blocked less (gray lines in BG recordings are double exponential fits). CF-PC EPSCs were recorded in 2 mM Ca 2ϩ , 1.3 mM Mg 2ϩ , and 2 mM ␥-D-GG (Vh ϭ -10 mV); CF-BG responses were recorded with the same divalents without ␥-D-GG (Vh ϭ -65 mV). F, Summary of the ratio of response amplitudes in the presence and absence of -conotoxin GVIA in E. CF-PC EPSC (n ϭ 5); CF-BG response (n ϭ 5); ANOVA and Fisher's PLSD post hoc test, significantly different for all combinations; *p Ͻ 0.004.
is composed of an AMPAR-mediated current and an STC in 2 mM Ca 2ϩ . The contribution of each component was evaluated by fitting the decay of the response with two exponential time constants, with the amplitude of the fast and slow components corresponding to the AMPAR-mediated current and STC component, respectively ( fast ϭ 1.37 Ϯ 0.31 msec; slow ϭ 10.94 Ϯ 1.28 msec; n ϭ 5) (Matsui and Jahr, 2003) . -Conotoxin GVIA affected the two components differently. Although the AMPARmediated current was reduced to 0.17 Ϯ 0.11 of control, the STC was reduced much less, to 0.43 Ϯ 0.07 (n ϭ 5). We suggest that, even in normal levels of Ca 2ϩ , the CF-BG AMPAR component mainly reflects ectopic release. Because the reduction of the STC by -conotoxin GVIA fell between that of the CF-PC EPSC and the CF-BG AMPAR response, we conclude that BG glutamate transporters take up glutamate released from both ectopic and synaptic sites.
Discussion
We find that the properties of synaptic transmission from CF to PC and CF to BG are significantly different. Compared with CF-PC EPSCs, CF-BG AMPAR responses exhibit larger pairedpulse depression and greater dependence on Ca 2ϩ influx through N-type Ca 2ϩ channels. These differences indicate that PC and BG AMPARs detect glutamate released from different sources and support the idea that ectopic release mediates rapid transmission between neurons and glia in the cerebellum.
Physiological relevance of highly depressing ectopic release
CF-BG AMPAR responses show dramatic paired-pulse depression, much larger than that of the CF-PC EPSC, indicating that ectopic release is not well suited for high-frequency transmission. However, the CF-BG response recovers fully in a few seconds and, because the in vivo firing rate of CFs is typically very low (ϳ1 Hz) (Armstrong and Rawson, 1979; Ito, 1984) , ectopic release will not be a rare event. Although inferior olivary neurons, which give rise to CFs, can fire action potentials at a frequency of ϳ10 Hz (Llinás and Yarom, 1986) , such high-frequency firing likely occurs in short bursts in physiological conditions (Lang et al., 1999) . High-frequency bursts may cause reliable transmission to BG only after the first action potential. This extreme form of depression essentially works as a steep low-pass filter for CF-BG transmission.
Mechanism of depression of ectopic release
What property of ectopic release makes the CF-BG AMPAR response depress so dramatically? In the case of conventional glutamatergic synaptic transmission, a low PPR generally is ascribed to high release probability, the depression resulting from the depletion of readily releasable synaptic vesicles by the first stimulus (Zucker and Regehr, 2002) . However, in the case of CF-BG AMPAR responses, low PPR persists even when the extracellular Ca 2ϩ is reduced to 0.5 mM, similar to the case reported at inhibitory synapses (Galarreta and Hestrin, 1998; Kraushaar and Jonas, 2000; Kirischuk et al., 2002) . In low Ca 2ϩ the depression is less at very short intervals (ϳ10 msec) than at longer intervals (ϳ150 msec). This unique result suggests that not all of the vesicles are depleted with the first stimulus. One could imagine that, at short stimulus intervals, residual intracellular Ca 2ϩ would allow Ca 2ϩ entering from the second action potential to spread further from the source of Ca 2ϩ influx, allowing vesicles at more distant sites to be exposed to concentrations of Ca 2ϩ sufficient for ectopic release. This partial reversal of depression lasts ϳ150 msec, similar to the time course of facilitation at PF synapses that results from residual Ca 2ϩ (Atluri and Regehr, 1996) . Alternatively, activity could regulate differentially the synaptic and ectopic release probability. For example, feedback by transmitters could be responsible for the differences in synaptic and ectopic PPRs. However, homosynaptic mGluR activation is not responsible for the depression because mGluR antagonists had no effect on the magnitude or the time course of recovery of CF-BG PPR (data not shown) (Harrison and Jahr, 2003) , and a G-protein-coupled mechanism for depression seems unlikely because it starts as early as ϳ10 msec, too fast for G-proteinmediated mechanisms (Hille, 2001) . Endocannabinoidmediated suppression of release is similarly unlikely because its actions occur even more slowly (Kreitzer and Regehr, 2001; Maejima et al., 2001; Wilson and Nicoll, 2001 ). In addition, the paired voltage-clamp recordings of PCs and BGs would have disrupted most forms of retrograde signal from PC to CF terminals, yet the low PPR of CF-BG AMPAR responses remained.
Another intriguing possibility for the mechanism of suppression of release is the inactivation of Ca 2ϩ channels (Hille, 2001 ). Presynaptic Ca 2ϩ channels can inactivate rapidly enough to explain the onset of the depression and can persist for seconds (Dobrunz et al., 1997; Forsythe et al., 1998; Kirischuk et al., 2002) . The reason that synaptic release and ectopic release behave differently could be either that the Ca 2ϩ channels responsible for ectopic release are more prone to inactivation (N-type Ca 2ϩ channels inactivate more readily than the P/Q-type) (Patil et al., 1998) or that release machinery for ectopic release is more sensitive to small changes in Ca 2ϩ influx (Harrison and Jahr, 2003) or both. Fluorometric Ca 2ϩ measurements of CFs have shown that action potential-induced presynaptic Ca 2ϩ transients do not show paired-pulse depression (Kreitzer et al., 2000) . However, it is possible that the decreased Ca 2ϩ influx resulting from inactivation of N-type Ca 2ϩ channels is immeasurable in the context of bulk intracellular Ca 2ϩ . Selective adaptation of the Ca 2ϩ sensor for ectopic vesicles also could account for the depression (Chapman et al., 1995; Hsu et al., 1996) .
Dependence of ectopic release on Ca
2؉ influx The CF-BG AMPAR response is more sensitive to the inhibition of Ca 2ϩ influx than the CF-PC EPSC (Harrison and Jahr, 2003) . In addition, increasing internal Ca 2ϩ buffering by the application of EGTA-AM suppressed CF-BG AMPAR responses more dramatically than in the CF-PC EPSCs (Matsui and Jahr, 2003) . In the current study we have shown that N-type Ca 2ϩ channels play a larger role in triggering glutamate release at ectopic sites than at synaptic sites. If P/Q-type Ca 2ϩ channels are concentrated in the synaptic active zone and N-type Ca 2ϩ channels are distributed throughout the presynaptic terminal, as has been shown at the calyx of Held synapse (Wu et al., 1999) , this could explain the larger role of N-type Ca 2ϩ channels in mediating ectopic release. However, P/Q-type Ca 2ϩ channel blockers also suppressed CF-BG responses nearly completely, indicating that Ca 2ϩ influx triggering ectopic release is not solely through the peripheral N-type Ca 2ϩ channels. Because ectopic release is also more sensitive to increases in Ca 2ϩ buffering, it is possible that the distance between the Ca 2ϩ channels and vesicles is not coupled as tightly as at the synaptic sites (Meinrenken et al., 2002) . Whether the distance of ectopic fusion events from the Ca 2ϩ channels, as well as the Ca 2ϩ sensitivity of ectopic exocytosis machinery, differs from synaptic events remains to be determined.
Spillover depends on the detector
The size of the PPR differed dramatically between the AMPAR response and STC component of the CF-BG responses. In addition, the degree of block of the two components by the N-type Ca 2ϩ channel blocker -conotoxin GVIA is different. These differences arise from the disparate affinities of the two glutamate receptors and thus their ability to detect extracellular glutamate. Low-affinity AMPARs readily detect rapid and high concentration transients of glutamate, making them suitable for detecting local ectopic release. The affinity of glutamate transporters is 10 to ϳ100 times higher than that of AMPARs Danbolt, 2001) , allowing them to detect lower glutamate transients as well. Whether glutamate spillover is significant depends on the type of detectors that are present as well as their distance from the site of release. The lower sensitivity of the CF-BG STC to -conotoxin GVIA, as well as its PPR, suggests that vesicular release from both ectopic and synaptic sites activates BG glutamate transporters and that release from synaptic sites exceeds that from ectopic sites.
BG AMPAR activation by CF stimulation is rapid and terminates with a time constant of 1 to ϳ2 msec in the absence of CTZ. These Ca 2ϩ -permeable AMPARs have rapid kinetics Dzubay and Jahr, 1999) that, in aspiny dendrites of neocortical fast-spiking interneurons, results in highly localized Ca 2ϩ signals (Goldberg et al., 2003) . Because Ca 2ϩ influx via BG AMPARs is required for the maintenance of glial wrapping of the CF3 PC synapse (Iino et al., 2001) , it is likely that localized Ca 2ϩ increases in BG (Grosche et al., 1999) provide geographical cues as to where the active synapses are located. In addition to the rapid kinetics of the AMPAR, exocytosis directly across the extracellular space from the BG membrane also is required for localized Ca 2ϩ increases. Low concentration and prolonged glutamate transients resulting from spillover, coupled with highaffinity slowly activating receptors such as mGluRs, would allow less precise signaling in both time and space. Because a blockade of glutamate transporters increased the peak amplitude of CF-BG AMPAR responses, AMPARs and glutamate transporters likely are expressed near each other, possibly intermingling, and compete for extracellular glutamate (Tong and Jahr, 1994; Diamond and Jahr, 1997) . This arrangement additionally may tune the localization and timing of BG AMPAR activation and the subsequent Ca 2ϩ rise. Whether such temporal and spatial resolution occurs will require Ca 2ϩ imaging from the fine processes of BG.
